Electronic properties of GaInNAs thin films have been investigated by the temperature-dependent Hall-effect and persistent photoconductivity (PPC) measurements. The Ga x In 1Àx N y As 1Ày thin films were grown by metal-organic chemical vapor deposition (MOCVD) on GaAs(100) substrates. High resolution X-ray diffraction (HR-XRD) and photoluminescence (PL) were used to determine the crystal quality. Compared with the N-free sample, the mobility of the GaInNAs sample quenched significantly due to the lattice defects induced by the small amount of nitrogen atoms incorporated during growth. The free carrier concentration of the GaInNAs samples was not affected by the increasing temperature ranging from 120 K to 400 K. Persistent photoconductivity (PPC) was also observed in this material, and the properties of PPC were found to depend on the temperature and nitrogen content. The relationship between trend toward saturation of the free carrier concentration of the temperature-dependent Hall measurement and PPC is also discussed.
Introduction
Recently, the quaternary Ga x In 1Àx N y As 1Ày alloy system has attracted a great deal of attention due to its potential application in optoelectronic devices for optical communication; it is also an ideal candidate for solar cell applications. [1] [2] [3] [4] This dilute nitride quaternary alloy can be grown lattice-matched to gallium arsenide (GaAs) substrates, and its band gap energy can be reduced to around 1.0 eV by incorporating a small amount of nitrogen (N). The extremely large band gap bowing coefficient allows the Ga x In 1Àx -N y As 1Ày alloy to maintain a lattice match to GaAs, with a wide range of tunable band gap energies smaller than the GaAs band gap for x $ 3y. However, the crystal quality of GaInNAs degrades with increasing N content. This may be due to phase separation, even through the amount of strain in the layer decreases.
Persistent photoconductivity (PPC) is a light-induced change in free carrier concentration which persists after the excitation has been removed. The effect has been observed in many III-V semiconductors [5] [6] [7] and can be due to a variety of causes. In many cases, PPC is attributed to the existence of defects which are bistable between a shallow and a deep energy state. However, investigation of PPC on GaInNAs material has been reported in only one paper. 8) In our study, the Hall mobility of Ga x In 1Àx N y As 1Ày and its relationship with PPC were fully investigated. The electron trap barriers were also estimated based on the results of photocurrent measurements at different temperatures. A model of the configuration coordinate diagram of PPC is also proposed.
Experimental Details
The undoped Ga 0:89 In 0:11 N y As 1Ày (y ¼ 0, 0.008 0.012 and 0.015) samples used in this study were grown by metalorganic vapor-phase epitaxy (MOVPE). The carrier gas was H 2 . Source materials were trimethylgallium (TMGa), trimethylindium (TMIn) and arsine (AsH 3 ) for the buffer layer. Three typical low-temperature source materials for the GaInNAs epilayer in MOVPE were triethylgallium (TEGa), tertiarybutyl arsine (TBAs) and dimethylhydrazine (DMHy) as the Ga, As and N sources, respectively. A thick buffer GaAs layer was grown at 725 C. The substrate temperature was subsequently lowered to temperatures between 450 C and 500 C, and a 2350 # A-thick GaInNAs layer at 500 C. The compositions of In and N were determined using a highresolution X-ray diffraction (XRD) rocking curve and theoretical dynamic simulations. A Bede D1 X-ray diffractometer was used to perform the high-resolution XRD measurements. Photoluminescence (PL) measurements were carried out at room temperature using the 514.5 nm line of an Ar þ laser as the excitation source. Temperature-dependent Hall mobility and concentration were carried out using a Bio-Rad Hall measurement with liquid nitrogen.
Results and Discussion
The parameters for Ga 0:89 In 0:11 N y As 1Ày epitaxial layers with different nitrogen content (y ¼ 0, 0.008 0.012 and 0.015) detrmined from analysis of the HR-XRD data are shown on Table I . Figure 1 shows the PL spectra of these samples. With nitrogen incorporation, the PL line width measured at room temperature (RT) broadens and roughens due to the compositional disorder. The peak separation in XRD between GaInNAs and GaAs substrate in the inset of Fig. 1 becomes smaller with increasing N content, indicating the lattice mismatch between the epitaxial layer and GaAs substrate decreases. However, the full-width-half-magnitude (FWHM) from XRD indicates that the epitaxial quality becomes poor for samples with increasing nitrogen incorporation. The red-shift of the PL peak results from the band gap reduction. The peak intensity decreases as nitrogen incorporation increases, indicating the nitrogen-induced non-radiative centers are generated as a result of nitrogen incorporation. Figure 2 shows the free carrier concentration n on a logarithmic scale as a function of reciprocal temperature obtained in the dark at temperatures ranging from 100 to 550 K. Based on the Hall data from sample IGA, we can clearly observe that different slopes are present in the lnðnÞ vs 1=T plot, which indicates that more than one donor state may be involved in the conduction process. However, the free electron concentration for the nitrogen-containing samples was almost constant, especially in the high-temperature region. Compared to the N-free sample (IGA), we speculate that the mechanism of carrier transport in the hightemperature region is dominated by defect scattering as a result of the nitrogen-induced electron trap centers, from which a much lower free-electron concentration is detected in high-temperature region. The thermal ionization energies (E a ) estimated from the slope of the lnðnÞ vs 1=T plot in the high-temperature region are listed in Table I . The E a value in the N-free sample is much larger than that in the nitrogenincorporated samples by about 120 meV. From the result of previous work based on deep-level transient spectroscopy (DLTS) analysis, a distribution of the shallow traps was observed before thermal treatment. 9) These nitrogen-induced shallow levels may provide a possible path for electron conduction. As a result, the thermal ionization energy (E a ) decreases in response to an increase in the nitrogen concentration. Figure 3 shows the results of time-dependent Hall mobility for samples measured at 80 K and 400 K and displays the difference in decay time. An increase in the photo-induced Hall mobility by a factor of $2 exists persistently after removal of light. The Hall mobility gradually decreases after the removal of light and thereafter approaches a constant value. This constant Hall mobility is always higher than that obtained before illumination. For the further investigation of such nitrogen-induced defects, the temperature dependence of photocurrent was carried out with sample IGAN-1 to observe the pronounced PPC effect. In fact, the lower the Hall temperature, the longer the decay time constant. Thus, the PPC effect is undoubtedly related to the Hall mobility for the diluted-nitride materials. Furthermore, the recovery of Hall mobility shown in Fig. 3 represents a recapturing process of photo-excited electrons into an illumination-neutralized defect complex. This transient change in Hall mobility implies the presence of a potential barrier preventing recapture. Note that the nitrogen-induced defects are initially neutral before becoming negatively charged as result of capturing electrons. 10) Once a light source is applied, luminously excited electrons from the charged defect states reduce the nitrogen-induced alloy scattering and significantly increase the Hall mobility. After the removal of illumination, the Hall mobility, which may recover to its initial level before illumination, results from most of the recaptured electrons that are released into illumination-neutralized defect complexes.
11) The normalized PPC behavior of the Hall mobility in samples IGA and IGAN-1 measured at 100 K is illustrated in the inset of constant for the N-containing sample implies that the presence of nitrogen-induced defects results in more recaptured electrons being released into illumination-neutralized defects; hence, the relaxation time for the Ncontaining sample is much longer. The conductivity, which reveals similar results, persists for a long period of time after illumination is terminated. Figure 4 shows the normalized PPC decay curves obtained at three representative temperatures, in which the PPC decay curves have been normalized to unity at t ¼ 0 (at the moment illumination is removed). The PPC relaxation time becomes much longer below 150 K. The current level still remains at 20% compared to its initial value after 75 s decay time at 150 K. However, as the temperature is increased to above 300 K, no PPC effect is observed. The temperature dependence of PPC decay behavior is then fit to a wellknown stretched-exponential function, which is frequently used to describe PPC relaxation in a large class of III-V and II-VI semiconductors. [12] [13] [14] [15] [16] [17] [18] The time-dependent normalized PPC decay I PPC ðtÞ can be written as
where is the time scale of the decay process, and is the deviation from a single exponential decay and is indicative of the overall structure of whatever system is represented by the stretched-exponential relaxation. Then the temperature dependence of can be described as ¼ 0 exp½ÁE=kT, where ÁE is the thermal activation energy, the essential energy after the removal of illumination for an electron hopping from defect state to conduction band and consequently becoming a free electron. This temperaturedependent decay time constant can be obtained by fitting the PPC decay data using eq. (1). Furthermore, the experimental data for at different temperatures and the least square fit of the data shown in inset of Fig. 4 can be fit to the typical Arrhenius plot of the PPC decay time constant (ln vs 1=T).
8) The resulting thermal activation energy ÁE is 0.349 eV.
To further explain the nitrogen-incorporated PPC effect, the most likely candidate for the nitrogen-induced defect model is proposed using the configuration-coordinate diagram (c-c diagram) shown in Fig. 5 . The energy represented by the c-c diagram for any configuration is the energy of the quantum state for the material with specific values of electronic excitation and atomic positions. Hence, the vertical and horizontal transports of an electron in a c-c diagram represent the photon and a phonon emission, respectively. In Fig. 5 , once the electrons are excited by photon excitation and subsequently captured by a localized defect state (D), the energy needed for promoting the electrons into the conduction band must be supplied by thermal energy. The sample IGAN-1 with a small ÁE shows a more pronounced PPC effect, which may result from complex defects such as DX-like centers, nitrogen-induced defect centers, and point defects 19) which are due to the decrease in surface migration length caused by adding nitrogen in the low-growth temperature range. The background concentration of the samples using TEGa as the Ga source of the epilayer in this study, compared to the TMGa source in reference, 8) produces n-type rather than p-type behavior. This difference between n-type and p-type indicates the defect structure is much different as well. Nitrogen and hydrogen, as described in previous work, were both found to bond strongly with gallium vacancies (V Ga ) and consequently reduce the formation energy of this intrinsic defect. 20) This N-H-V Ga complex results in a lower formation energy compared to the isolated V Ga in GaAs. This gives rise to higher concentrations of V Ga in dilutenitride material than are expected in GaAs when hydrogen is present. Since the V Ga complex may act as an acceptor and a significant contributor to the elevated background acceptor concentration observed in MOCVD-grown GaInNAs, 21) we infer that the most probable structure of the point defects discussed in this paper reveals that the isolated V Ga point defects rather than the N-H-V Ga complex affect the PPC behavior.
Conclusions
In summary, the PPC phenomenon and its relationship to the diluted nitride have been observed and studied. The effects of PPC decay are reflected in the results of both current and Hall mobility measurements. The nitrogeninduced defect centers are predominantly responsible for the observed PPC effect in GaInNAs, and this phenomenon is intensified in response to an increase in nitrogen incorporation. Finally, the most likely candidate for the nitrogen- induced defect model based on the configuration-coordinate diagram has been also investigated.
